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Highlights 
● Urban resilience is a multi-objective task requiring a multi-disciplinary approach 
● A primary feasibility study is key to identify suitable SuDS strategies in an area  
● Integrated spatial optimisation of SuDS can enhance urban resilience planning 
● SuDS investment should prioritise the inclusion of quality of life index  
● Flood resilience and water quality resilience demonstrate some correlations 
 
Abstract 
The necessity of incorporating a resilience-informed approach into urban planning and its decision-making 
is felt now more than any time previously, particularly in low and middle income countries. 
In order to achieve a successful transition to sustainable, resilient and cost-effective cities, there is a growing 
attention given to more effective integration of nature-based solutions, such as Sustainable Drainage 
Systems (SuDS), with other urban components. The experience of SuDS integration with urban planning, 
in developed cities, has proven to be an effective strategy with a wide range of advantages and lower costs. 
The effective design and implementation of SuDS requires a multi-objective approach by which all four 
pillars of SuDS design (i.e., water quality, water quantity, amenity and biodiversity) are considered in 
connection to other urban, social, and economic aspects and constraints. This study develops a resilience-
driven multi-objective optimisation model aiming to provide a Pareto-front of optimised solutions for 
effective incorporation of SuDS into (peri)urban planning, applied to a case study in Brazil. This model 
adopts the SuDS's two pillars of water quality and water quantity as the optimisation objectives with its 
level of spatial distribution as decision variables. Also, an improved quality of life index (iQoL) is 
developed to re-evaluate the optimal engineering solutions to encompass the amenity and biodiversity 
pillars of SuDS. Rain barrels, green roofs, bio-retention tanks, vegetation grass swales and permeable 
pavements are the suitable SuDS options identified in this study. The findings show that the most resilient 
solutions are costly but this does not guarantee higher iQoL values. Bio-retention tanks and grass swales 
play effective roles in promotion of water quality resilience but this comes with considerable increase in 
costs. Permeable pavements and green roofs are effective strategies when flood resilience is a priority. Rain 
barrel is a preferred solution due to the dominance of residential areas in the study area and the lower cost 
of this option. 
 
Keywords: Green infrastructure, Multi-objective optimisation, Resilience, Sustainable drainage systems, 
Urban planning, Quality of life.  
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1 Introduction  1 
The impacts of climate change and their interaction with rapid urbanisation are particularly tangible in 2 
developing countries of the tropics and subtropics (Grimm et al., 2008; Lim and Lu, 2016; Zhang et al., 3 
2019). In some regions, such shifts will likely increase the frequency and intensity of extreme events that 4 
can trigger floods, exacerbated by the construction of marginal settlements in risk-prone areas, such as 5 
floodplains and unstable slopes, with inadequate drainage infrastructure and unenforced building codes 6 
(UN-Habitat, 2003; UN-Habitat, 2010; Mendelsohn et al., 2012; UN-Habitat, 2013; IPCC, 2014; UNISDR, 7 
2015; Capps et al., 2016; Mendes et al., 2018). This combination can be expected to tip into disruptive 8 
surface runoffs and/or flooding, leading to environmental, social and economic costs and drawbacks in 9 
communities that have the least capacity to address them (Hallegatte and Rozenberg, 2017; Jongman, 2018; 10 
Bevacqua et al., 2019).  11 
In this paper, we demonstrate a novel, resilience-driven multi-objective optimisation model developed 12 
to aid decision-makers in selecting appropriate types of Sustainable Drainage Systems (SuDS) for areas 13 
facing these issues. This feasibility study demonstrates how utilising a multi-objective optimisation 14 
approach to integrate the four pillars of SuDS design; water quality, water quantity, amenity and 15 
biodiversity (Woods Ballard et al., 2015), can, not only improve flood and water quality resilience, but also 16 
improve quality of life for the communities inhabiting these (peri)urban areas. The approach has been tested 17 
for a (peri)urban case study with extreme wet and dry periods in Brazil. The decision to choose a Brazilian 18 
case, encompassing a diversity of communities and land-uses, allowed the study to include marginalised 19 
communities. These communities are likely to see the greatest adverse effects of flooding and therefore 20 
stand to benefit the most from interventions that increase resilience to flooding. In addition, the still 21 
evolving regulatory environment in Brazil allows more scope to embed a more holistic understanding of 22 
drainage, when compared to the more mature and codified nature of regulation in countries such as the UK.  23 
Addressing this need for (peri)urban areas to have the capacity to respond to extreme climate-induced 24 
conditions such as floods, droughts, precipitations, and temperature (Pelling, 2003; Leichenko, 2011; 25 
Koning et al., 2019), urban resilience has been defined as “the capacity of individuals, communities, 26 
institutions, businesses, and systems within a city to survive, adapt, and grow no matter what kinds of 27 
chronic stresses and acute shocks they experience” (100ResilientCities, 2016, p. 16). With growing 28 
attention to urban resilience, nature-based solutions (NBS), such as SuDS, have proved to be effective 29 
intervention strategies due to their wide range of advantages for urban areas (Jia et al., 2013; Qin et al., 30 
2013; Fletcher et al., 2015). Therefore, to achieve a successful transition to urban resilience, there needs to 31 
be more effective integration of SuDS, with other forms of urban development such as transport 32 
infrastructure, buildings, public spaces and so on. Accordingly, the purpose of this study is to show how 33 
novel, socially and ecologically minded approaches to urban resilience can be applied to countries 34 
undergoing rapid, often poorly managed development of their (peri)urban areas, whilst simultaneously 35 
facing the extreme events associated with climate change. 36 
In line with this, several conceptual frameworks have been proposed in the literature to formulate urban 37 
resilience with incorporation of the four pillars of SuDS design (e.g. Tyler and Moench, 2012; Sánchez-38 
Rodríguez, 2009; Sisto et al., 2016). Wang et al. (2017) developed a resilience-informed framework for 39 
decision making in SuDS designed to avoid any subjectivity in the decision-making process. A review of 40 
evidence for improved urban resilience by implementing SuDS and NBS was carried out by Lamond et al. 41 
(2015) and Frantzeskaki (2019) to further reinforce the multi-dimensionality of decision making related to 42 
SuDS. Some studies have used (urban) resilience as a performance metric to assess SuDS options using a 43 
multi-objective approach (Wang et al., 2017; Casal-Campos et al., 2018). Nevertheless, whilst the 44 
importance of incorporating SuDS in the promotion of urban resilience has been widely acknowledged, to 45 
date, a model achieving full integration is yet to be developed.  46 
Simultaneously, the complex and dynamic nature of urban resilience requires an integrated and multi-47 
disciplinary approach by which all the stakeholders such as infrastructure owners, urban planners, 48 
 
3 | Page 
 
communities, regulators and operators can communicate, share their knowledge and experience and learn 49 
from each other to co-create solutions (Desouza and Flanery, 2013; Jabareen, 2013; Aguilar-Barajas et al., 50 
2019). This can produce trade-offs, starting from conflicting objectives, by which all the stakeholders’ 51 
views and needs are addressed (Chelleri, et al., 2015; Dhar and Khirfan, 2017). This is an even greater 52 
challenge in tropical and sub-tropical countries (such as Brazil), where the extreme climatic conditions can 53 
lead to deeper conflicts between stakeholders, and where this is further compounded by the often more 54 
acute nature of the financial challenge. Hence, effective SuDS implementation to promote urban resilience 55 
requires a multi-criteria approach by which a trade-off of best solutions can be produced to address the 56 
concerns of all stakeholders and aid effective decision-making. To date of this paper, such model is yet to 57 
be developed. 58 
To address this gap, this study embraces the multi-dimensionality, multi-objectivity and nonlinearity of 59 
urban resilience by developing a novel resilience-driven multi-objective optimisation model, to provide a 60 
Pareto-front of optimised solutions, with the aim of incorporating more effective SuDS solutions into urban 61 
planning decisions. This model builds on the four pillars of SuDS design in the UK SuDS Manual (Woods 62 
Ballard, et al., 2015) to embrace the engineering, environmental, social, and economic aspects of SuDS 63 
adoption and implementation, in order to promote urban resilience.  64 
2 Materials and Methods  65 
A common optimisation approach was adopted to explore the impact of SuDS incorporation on the 66 
resilience of a case study catchment in Brazil, optimising the arrangement and application of different SuDS 67 
options. Firstly, the case study area (introduced in Section 2.1) was simulated using standard modelling 68 
software, providing the basis of the optimisation objective functions and, also, the SuDS feasibility map 69 
(Section 2.2). Following an overview of the SuDS capital cost calculations in this study (Section 2.3), urban 70 
resilience is defined and characterised in Section 2.4, collectively introducing the optimisation model 71 
objectives. A novel improved Quality of Life (iQoL) index, created to assess some of the social impacts of 72 
the generated solutions and is introduced in Section 2.5. This index intends to give additional context for 73 
decision-makers when choosing which solution to adopt. Section 2.6 describes how these aspects are 74 
brought together into a multi-objective optimisation model. Finally, the details of the resilience-informed 75 
optimisation model (a standard Evolution Strategy algorithm) are discussed in Section 2.6. 76 
2.1 Study area  77 
The study area is a sub-catchment of the Mineirinho catchment (geographic coordinates: 22o 00’ 78 
50.66’’S, 47o 54’ 45.37’’W) located within the city of São Carlos in the southeast of Brazil, centrally within 79 
the state of São Paulo (Fig. 1a). São Carlos has an area of 141 km2 and 249,415 inhabitants (IBGE, 2015). 80 
The city has an altitude tropical climate with dry winter and a minimum average temperature of 15.3°C and 81 
maximum of 27.0°C during summer. January and February are usually the wet periods, and June and July, 82 
the dry periods with an average monthly rainfall of 270 mm and 15 mm, respectively. The Master Plan of 83 
São Carlos (PMSC, 2016), designates this area as intended for different land-uses, with places reserved for 84 
preservation of streams, as well as areas foreseen for future residential expansions. 85 
The Mineirinho catchment has a history of recurrent flooding, particularly over the past decade, leading 86 
to significant economic loss due to growing commercial establishments in the city (Fava et al., 2018; de 87 
Abreu et al., 2019). There have been attempts to manage this regular flooding by rectifying and/or 88 
channelizing the rivers and streams within the city leading to exacerbation of flooding in the city's lowlands. 89 
In addition, illegal discharges of sewage to rivers, suppression of vegetation in canopy areas and permanent 90 
preservation areas, lack of green areas, lack of suitable waste disposal sites, erosion processes, 91 
sedimentation of streams and rivers, have led to deterioration of surface water quality (Pons et al., 2007; 92 
Stanganini and Augusto de Lollo, 2018).  93 
The study area covers an area of approximately 6.86 km2, on the boundary between urban and peri-94 
urban areas in the northwest part of São Carlos (Fig. 1b). Its main river is Mineirinho River (with a length 95 
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of 3.15 km) with two joining tributary streams of the Santa Fé and the University of São Paulo’s (USP) 96 
Campus II (Fig. 1b). The former flows through mainly deprived and informal developments (north east of 97 
the catchment) with high level of water contamination and the latter flows through newly developed/under 98 
development areas, including USP’s new campus (north-west of the catchment) and is environmentally in 99 
a better condition. To the south-west of this area, there are new, formally planned developments which 100 
socially and environmentally could be categorised as ‘in a good condition’.  101 
Therefore, the Mineirinho catchment has been recognised as a suitable case study primarily due to its 102 
growing environmental challenges (such as flooding and surface water pollution). Furthermore, the impacts 103 
of SuDS, as the core intervention, can be studied in a more comprehensive and inclusive manner due to the 104 
diverse demography and varying levels of marginalisation/formality in this area.  105 
 
(a) (b) 
Fig. 1. (a) Mineirinho catchment; (b) Mineirinho river and the two joining streams of Campus II 106 
and Santa Fé 107 
Although, this research focuses on the aforementioned case study area, its environmental, social and 108 
urban conditions are similar to many other catchments in Brazil. Therefore, the scope of this study can be 109 
applied to other Brazilian catchments with similar SuDS incorporation challenges, although with different 110 
environmental conditions. Consequently, the outcomes could be replicated in those areas to achieve more 111 
effective SuDS planning and subsequently create opportunities to embrace sustainable urban development 112 
pathways. In addition, the manageable size of the catchment made it suitable for multi-objective 113 
optimisation simulations by reducing long computational time of the process-based models utilised in this 114 
case study. For simplicity, the term ‘Mineirinho catchment’ is used throughout the paper and it implies the 115 
study area modelled in this research (which is part of the Mineirinho catchment). 116 
InfoSWMM® was used in this study for simulating the case study area and incorporating SuDS into it. 117 
This provides the objectives’ measure for calculating the performance of different solutions in the 118 
optimisation process. Details of the simulation model development can be found in supplementary 119 
information accompanying this paper (Section 2 in supplementary information).  120 
To generate more realistic flood inducing rainfall, a 10-yr two-stage design storm rainfall pattern using 121 
Huff Heavy Storm equations (Huff, 1967) are used (see Fig. 2 in supplementary information). This design 122 
storm was suitable given the calibration data provided and represented a realistically foreseeable horizon, 123 
given the rate of development and change in the area. Additionally, in the state of São Paulo (where the 124 
case study is located), the local design standards recommend 10-yr rainfall as an efficient figure to design 125 
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and analyse micro-drainage and also SuDS systems (Municipality of São Paulo, 2012). Furthermore, this 126 
approach can stress the catchment to more clearly identify appropriate solutions, which were more resilient 127 
to reasonably expected future increases in sudden rainfall and climate changes, without such extreme 128 
rainfall that makes objectively comparing solutions more difficult.  129 
As stated, the study area is an ungauged catchment leading to the lack of accurate and reliable data for 130 
detailed calibration of the model. However, throughout the model development stage, local expert 131 
knowledge, judgements and studies have been utilised to ensure that the model developed can represent 132 
real-life conditions in the case study area.  133 
2.2 Implementation of SuDS  134 
In the UK SuDS manual (Woods Ballard, et al., 2015; CIRIA, 2007), 14 types of SuDS have been 135 
introduced. The characteristics of the case study catchment have driven the selection of the types and 136 
potential locations of SuDS. In consultation with local experts, green roofs (GNR), rain barrel (RNB), 137 
permeable pavement (PVP), vegetation grass swale (GSW) and bio-retention tanks (BIR) were identified 138 
as potentially the most suitable strategies in the Mineirinho catchment. The GIS-enabled InfoSWMM-139 
Sustain is used in this study to identify the potential areas for each SuDS option. It is assumed that GNR 140 
can be implemented on roof areas of only commercial and industrial buildings, and RNB only on residential 141 
buildings due to affordability issues. PVP and GSW are implemented along access and main roads (side-142 
walks/pavements) and in public car parks, BIR in any public grassland or open space (See Fig. 2a). This 143 
study has only focused on the essential hydraulic design parameters utilised in InfoSWMM® and the values 144 
of these parameters were adopted from Brazilian documents, consultation with local experts and from 145 
compatible resources in the literature (Woods Ballard et al., 2015) that best fit the conditions of the 146 
Mineirinho catchment (see Table 3 to Table 7 in supplementary information for more details on SuDS 147 




Fig. 2. (a) Land-use map; (b) SuDS feasibility map in the Mineirinho catchment  149 
2.3 SuDS capital costs  150 
The cost of constructing SuDS varies depending on the size of the associated catchment area, the 151 
proposed design and construction methods. There are a few studies on SuDS construction costs in Brazil, 152 
but the methods utilized are not standardized and the data used are outdated. It would be necessary to 153 
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restructure and update these documents before use, which would require intensive time and effort beyond 154 
the scope of this research. Thus, this study adopts the UK Environment Agency’s (EA) method for 155 
calculation of SuDS capital costs through the unit costs values published in a report by Keating et al. (2015). 156 
The proposed unit cost values by the EA are based on actual costs from a number of projects within the UK 157 
and a wider literature review by the EA. In this study, the capital costs are split into two parts of construction 158 
and maintenance costs, as detailed in Section 3 in supplementary information. For this study, the unit area 159 
is calculated by the average area of randomly picked houses in the informal and formal developments in 160 
the study area. The average area of a residential property in the Mineirinho catchment, using Google satellite 161 
images from 2017, is estimated around 158 m2. The maintenance cost is calculated using an average 162 
frequency of maintenance per year and unit cost of maintenance per unit area of each SuDS type. 163 
2.4 Urban resilience evaluation  164 
This study defines ‘urban resilience’ as the ‘ability of the urban and its peri-urban areas to maintain 165 
their continuity through climate change and urbanisation while adapting and transforming’. Drawing on 166 
this, ‘urban resilience’ is characterised collectively as flood and water quality resilience. Increased rainfall 167 
and informal/unplanned developments represent, respectively, climate change and urbanisation in this 168 
study. SuDS strategies are then used as intervention strategies to tackle water pollution and flooding 169 
problems, mitigating the impacts of flooding on communities, whilst also providing some benefits for day-170 
to-day life. 171 
2.4.1 Flood resilience 172 
This study adopts a volumetric approach to calculate flood resilience (Mugume and Butler, 2016). In 173 
this method, the total flood volume relative to the total flow in the drainage network, channel/river/stream 174 
and the ratio of the total duration of flooding to the total study time are calculated using Equation 1.  175 








where, Resf: flood resilience; VF: total flood volume [m
3]; VT: total flow volume during flooding [m
3]; 176 
tF: total duration of flooding [hr]; and T: total study time period [hr].  177 
2.4.2 Water quality resilience 178 
In this study, a pollutant concentration-based approach is used, where the increase or reduction in 179 
pollutant load over time, is taken as an indicator for water quality resilience measure. Total Suspended 180 
Solids (TSS), Total Phosphorus (TP), and Total Nitrogen (TN) are recognised as the most critical water 181 
pollutants in the study area by the local experts. The National Council for the Environment (CONAMA)’s 182 
resolution (CONAMA, 2005) is used for threshold concentration of the water quality parameters. Water 183 
pollution is then defined as the breach of water quality standards’ thresholds. All water quality 184 
measurements have been conducted in the catchment’s recipient river in downstream at the outfall node. 185 
Equation 2 is then used to calculate water quality resilience.  186 







where, i: water quality parameter index (1: TSS; 2: TP; 3:TN); 𝑅𝑒𝑠𝑊𝑄𝑖: water quality resilience; 𝑊𝑄𝑇𝐵𝑖: 187 
cumulative breach of water quality standard threshold [mg/l]; 𝑊𝑄𝑇𝐶𝑖: cumulative water quality standard 188 
threshold compliance over the study period [mg/l]; tTB: total duration of water contamination, [hr]; T: total 189 
study time [hr].  190 
This study adopts a more conservative approach and uses the lowest water quality resilience value 191 
calculated to represent the water quality resilience of the study area (see Equation 3). 192 
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𝑅𝑒𝑠𝑊𝑄 = 𝑚𝑖𝑛 [𝑅𝑒𝑠𝑊𝑄𝑖 , 𝑅𝑒𝑠𝑊𝑄𝑗 , 𝑅𝑒𝑠𝑊𝑄𝑘] 
(3) 
where, i, j, k: water quality indexes for TSS, TP, TN, respectively; 𝑅𝑒𝑠𝑊𝑄 : total water quality resilience; 193 
𝑅𝑒𝑠𝑊𝑄𝑖: water quality resilience for TSS; 𝑅𝑒𝑠𝑊𝑄𝑗: water quality resilience for TP; 𝑅𝑒𝑠𝑊𝑄𝑘: water quality 194 
resilience for TN.  195 
It should be noted that the value of resilience is scaled between 0 and 1 (1 means the system is resilient 196 
and zero means no resiliency). Also, a hypothetical resilience curve can be found in Fig. 1 in supplementary 197 
information. 198 
2.5 Improved quality of life index  199 
In recognition of the potential for well-designed SuDS to also contribute to wider improvements in 200 
existing day-to-day quality of life, this study tested an improved quality of life index (iQoL). This index is 201 
designed to give the amenity and biodiversity pillars of SuDS design (Woods Ballard et al., 2015) clear 202 
weight in urban planning decisions. A methodology adapted from Sustainability Appraisal (SA) for plan-203 
making in the English urban planning system (UK Statutory Instruments, 2004) was used to translate 204 
qualitative judgements about quality of life benefits associated with the five selected SuDS types into 205 
quantitative ‘scores’, whilst maintaining transparency about how this was undertaken. For this purpose, 206 
direct and potential benefits have been identified and scored in three categories of Physical Health and 207 
Wellbeing, Social Wellbeing and Ecosystem Services, to derive a simple iQoL for each SuDS type, as 208 
outlined in Table 1. Benefits are categorised into those which are inherent to the SuDS type (direct benefits, 209 
highlighted grey) and those which depend on the detailed design and specification of the SuDS type 210 
(potential benefits). In this method direct benefits are given full weight; +0.10 and any potential benefit half 211 
weight; +0.05. As a default the weightings are set evenly as 1 for all SuDS type. Then, the total weight is 212 
the sum of direct and potential benefits, added to 1, and represents the iQoL for each SuDS type. 213 
Table 1 – iQoL per unit area of the selected SuDS types 214 
 
SuDS Types 
BIR GSW PVP GNR RNB 
Physical Wellbeing 
Improved Health 0.05 0.10  0.05 0.05 
Thermal Comfort  0.10  0.10  
Increased Recreational Activity  0.05 0.05  0.05 
Safety   0.10   
Health & Social 
Wellbeing 
Improved Aesthetics 0.05 0.05 0.05 0.05  
Improved Mental Wellbeing 0.10 0.1  0.10  
Social Interaction   0.10 0.05 0.05 
Ecosystem Services 
Pollutant Control 0.10 0.10    
Runoff Reduction 0.10 0.10 0.10 0.10 0.10 
Increased Biodiversity 0.05 0.05  0.10  
Rainwater Harvesting     0.10 
Collective direct & potential benefits 0.45 0.65 0.40 0.55 0.35 
Weight (i.e. iQoL index) 1.45 1.65 1.40 1.55 1.35 
Alternative approaches to accounting for these benefits have been tested. A well-known example is the 215 
B£ST tool (CIRIA, 2015), which assigns financial values to wider ‘amenity’ benefits through their impact 216 
on increased local property prices. This can be argued to generate more ‘objective’ data that could be 217 
included in the model as a fourth optimisation model. However, the financialization of these benefits 218 
conflicts with the intended applicability of the model in diverse urban environments, including marginalised 219 
communities, where any financial benefit may never be realised.  220 
The iQoL index instead recognises the intrinsic nature of quality of life benefits by giving them all equal 221 
weight. These scores could be used as a direct input into the optimisation model, translating fundamentally 222 
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subjective ‘quality of life’ benefits into a direct influence on the optimal Pareto-front solutions that are 223 
generated. However, it was judged that the scores’ relative subjectivity would render their use as a direct 224 
input misleading when compared to other data sources drawn upon in the modelling. Instead, all the optimal 225 
Pareto-front solutions generated by optimising for the other three objectives are evaluated for their iQoL 226 
value and scaled between 0 and 1 in order to investigate the suitability of the engineering solutions in terms 227 
of their social aspects.  228 
It should be noted that the iQoL is a dimensionless weight and could be applied to either the total number 229 
of SuDS units or to per unit area of SuDS. In this study, the latter approach is used. Therefore, iQoL is 230 
calculated as the accumulated weight of all feasible SuDS coverage in each sub-catchment as shown in 231 
Equation (4). 232 




𝑖=1         (4) 233 
where, i: index of the sub-catchment; n: total number of sub-catchments (50 in this study); j: index 234 
associated to each SuDS type (j=1,2,3,4,5; see Table 2); m: total number of SuDS options; 𝑊𝑗: each SuDS 235 
type’s weight per unit area of coverage illustrated in Table 2; and 𝐴𝑖𝑗: total area coverage of the SuDS type 236 
j in sub-catchment i. 237 
2.6 Multi-objective optimisation model  238 
The multi-objective nature of urban resilience requires consideration of sometimes conflicting 239 
objectives such as environmental, social, and economic. The advantage of using a multi-objective 240 
optimisation approach in supporting decision-making processes has been clearly identified by several 241 
studies (Fu et al., 2008; Astaraie-Imani et al., 2012). In this study MATLAB®; a standard Evolution 242 
Strategy (Beyer and Schwefel, 2002) with a mutation and cross-over operator, similar to a Genetic 243 
Algorithm like NSGA-II, has been used for the optimisation of SuDS solutions. Because of the nature of 244 
the problem, solutions were encoded as a sequence of SuDS types (categorical) and number of SuDS 245 
implemented (positive integer scalar), applied to each catchment. The type and number of SuDS was 246 
constrained in each catchment based on the land use and percentage coverage of the area. An elite archive 247 
of the Pareto Optimal solutions was maintained to ensure no optimal solutions were lost during the search. 248 
2.6.1 Optimisation model objectives 249 
The study considers a three-objective optimisation model, as follows: maximising flood resilience 250 
(FRes) through SuDS implementation; maximising water quality resilience (WQRes) through SuDS 251 
implementation; and minimising SuDS capital costs. It should be noted that FRes and WQRes values are 252 
scaled between 0 and 1 (1: the system is resilient; 0: the system fails all the time without any recovery). As 253 
noted, the iQoL score was not used as an objective function as it provides a social aspect to examining 254 
different solutions produced by the optimisation method and offers a non-engineering perspective for 255 
decision makers. Future work would look to further calibrate and develop iQoL to make it more suitable 256 
for inclusion as an objective measure.   257 
2.6.2 Optimisation model decision variables  258 
The decision variables can be seen either as SuDS design parameters (e.g. height, slope, thickness, 259 
roughness etc.), and/or as the area of coverage for each SuDS unit in a sub-catchment. A combination of 260 
both the area of coverage and the design parameters can lead to the most reliable solutions, however, such 261 
an approach is computationally demanding. Hence, this study uses a fixed design approach for the selected 262 
SuDS design parameters and only utilises the area of coverage by each SuDS unit, within each sub-263 
catchment of the Mineirinho catchment, as the optimisation decision variable. There the upper boundary 264 
for the decision variables defined is the maximum potential area within a sub-catchment as shown in Fig. 265 
2b and the lower boundary will be zero (i.e. no SuDS is needed).   266 
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3 Results and Discussion  267 
3.1 Optimisation convergence  268 
The Evolution Strategy (ES) was set up to run for 2,000 generations with a population of 100 non-269 
duplicate solutions to allow for convergence on globally optimal results. Fig. 3a shows the convergence of 270 
solutions over generations with the search settling on the lowest cost values around generation 1,200. Fig. 271 
3b shows the most common application of SuDS to each sub-catchment at each generation. This plot 272 
demonstrates the search focusing on a similar set of solutions, confirming the convergence seen in Fig. 3a, 273 
and indicating that the optimiser was able to explore local areas of high-quality solutions (i.e. higher 274 




Fig. 3 – (a) Convergence plot of the population (which includes non-optimal solutions) on optimal cost 277 
solutions; (b) Image Scale Matrix plot of the most common SuDS selection for each sub-catchment over 278 
generations. 279 
3.2 Pareto optimal solutions 280 
Fig. 4 shows the Pareto-front of optimal solutions obtained in the ES search using three paired objective 281 
plots illustrating trade-offs and one 3D plot to show the shape of the front (Fig. 4d). The base case of no 282 
SuDS (no-SuDS scenario) was evaluated but not shown in this plot to preserve scale. The base case was 283 
evaluated to have FRes of 0.653 and WQRes of 0.426. Additionally, primary investigations using the land-284 
use map in Fig. 2b, identified 40% of the area feasible for implementation of the SuDS types chosen. The 285 
iQoL value (normalised between 0 and 1; 0: low iQoL value and 1: high iQoL value) is shown by each 286 
point's colouring in Fig. 4.  287 
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In total only 63 Pareto optimal solutions were found by the search, highlighting the difficulty of the 288 
search space and challenge in finding smooth trade-offs in a hard mixed combinatorial-scalar problem 289 
(choice of SuDS and how many units). The  290 
Fig. 4a shows a classic knee trade-off between Cost and FRes, with diminishing returns on investment 291 
roughly after £2.0M. In this figure an almost 20% improvement to FRes in comparison to the no-SuDS 292 
scenario, as a result of SuDS incorporation, can be observed. This implies that more investment in SuDS 293 
will not always guarantee significant improvements to FRes. Such a strong knee feature would suggest to 294 
decision-makers that those solutions will give a preferable return on investment. A similar, but weaker 295 
trade-off can also be observed between Cost and WQRes in Fig. 4b. However, WQRes is nearly doubled 296 
in comparison to the no-SuDS scenario. This highlights the effectiveness of implementing SuDS as water 297 
pollution control in the study area. There is a defined "step" or "shelf" in the front created by a drop in 298 
WQRes in exchange for the higher FRes to Cost trade-off. This can be seen by the two strata in Fig. 4b and 299 
Fig. 4c. The effect of this step is more clearly seen in Fig. 4d, where the upper shelf is seen in the context 300 
of all three objectives. Several optimisation runs were made and this shelf feature was observed in every 301 
set of results. This observation has two folds to justify: first, stochasticity inherently influences optimisation 302 
because of not only scaling effects but also collinearity. Scaling effects in optimising SuDS arise due to 303 
spatial and temporal aggregation of the explanatory variables; second, resilience formulation, as an 304 
optimisation objective, which is a function of two variables creating a trade-off between flood resilience 305 
and water quality resilience on a sub-catchment level. Given the inherent interrelationship between water 306 
quality and quantity, a stronger correlation between WQRes and FRes could be expected, however, the 307 
observations in Fig. 4c do not produce this effect. 308 
 309 
Fig. 4 – (a), (b), (c) 2D plots showing bi-objective trade-offs and iQoL index;  310 
(d) 3D plot showing the Pareto-Front 311 
Overall, the results suggest a correlation between iQoL and a combined increase in Cost and in WQRes 312 
and FRes (Fig. 4b). It should be noted that without the inclusion of WQRes in the objective analysis of 313 
solutions, the optimisation algorithm would have focused on the lower step of results (e.g. Fig. 4b and Fig. 314 
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4c) - those sacrificing WQRes and smaller improvements in iQoL for marginal improvements in FRes and 315 
Cost (Fig. 4a). This highlights the importance of SuDS selection thorough feasibility study and its impacts 316 
on the defined objectives. Additionally, this will stress the prominence of allocating the right SuDS option 317 
in the right place (i.e. each sub-catchment). In addition to picking the right objectives, these results further 318 
reinforce the utility of a multi-objective optimisation approach to support effective, resilience-informed 319 
decision-making for SuDS incorporation into urban planning. 320 
3.3 Application of SuDS 321 
SuDS capital cost (particularly maintenance cost) is one of the key challenges in their adoption and 322 
implementation. In the light of this, it is important to make informed decisions when prioritising SuDS 323 
selection at the planning stage.  324 
Fig. 5 illustrates the application of each SuDS type in the set of Pareto optimal solutions. Fig. 5a shows 325 
a matrix plot of all optimal solutions and the SuDS applied to each catchment. Fig. 5b, 7c and 7d show the 326 
prevalence of each SuDS type against each of the objective functions. The histograms show the proportion 327 
of the solution that each SuDS type contributed.  328 
Fig. 5b shows the proportional application of each SuDS type at different total solution cost levels (what 329 
percentage each SuDS contributes to solutions at each cost level). For example, RNB make up to 40% of 330 
SuDS applied in the lowest cost solutions. This figure can map SuDS type correlation with capital cost, 331 
assisting with SuDS prioritisation when there are budget constraints. One of the key lessons from the 332 
optimisation results was the prevalence of RNB in all Pareto-front solutions, mainly due to the dominance 333 
of residential areas in the study area and the lower cost of RNB. This can be seen in Fig. 5a, Fig. 5b where 334 
RNB is the primary SuDS implementation regardless of cost, with a small variation from £6.0M to £8.0M 335 
and in the £10.0M+ ranges where BIR plays a bigger part in the solutions. Drawing on these, the coverage 336 
rate and low cost of RNB, along with its source control function, collectively play a role in promoting FRes 337 
and WQRes, as demonstrated in Fig. 5c and Fig. 5d. 338 
There appears to be a trade-off between GSW and BIR in Fig. 5b; GSW is a preferred option in cheaper 339 
solutions, mainly due to its lower maintenance cost. Similar behaviour can be observed in Fig. 5c, where 340 
GSW is not a desirable option if solutions with maximum FRes are preferred. Nevertheless, if WQRes is 341 
prioritised, then GSW is a more desirable option, as shown in Fig. 5d. GNR is utilised more at the cost 342 
extremes (cheaper and more expensive) whilst PVP appears to be utilised more in the mid-range solutions. 343 
It appears that PVP is a suitable option when solutions with high FRes are prioritised while it is difficult to 344 
extend this observation to WQRes. Additionally, it is difficult to extract a correlation between GNR with 345 
WQRes and FRes as demonstrated in Fig. 5c and Fig. 5d. 346 
 




Fig. 5 – (a) Primary SuDS application by sub-catchment for each solution in the Pareto-Front;  349 
(b) Percentage of total application of SuDS for all solutions in the Pareto-Front over Cost; 350 
(c) Percentage of total application of SuDS type for all solutions in the Pareto-Front over FRes;  351 
(d) Percentage of total application of SuDS type for all solutions in the Pareto-Front over WQRes 352 
Fig. 6 maps the ‘most dominant’ SuDS type in each sub-catchment for two selected Pareto-front 353 
solutions from Fig. 4. This figure helps to highlight the areas where the same primary SuDS are present in 354 
both solutions and helps decision-makers to understand the best dominant option in each sub-catchment as 355 
their main likely choice.  356 
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Fig. 6a demonstrates a low cost - high FRes solution with an average WQRes and relatively low iQoL 357 
index result. It is evident in Figure 6a that RNB is a preferred option to maintain a high FRes in most of the 358 
sub-catchments (particularly the upstream ones) when the cost needs to be kept low. This also highlights 359 
the importance of low cost source control SuDS options, such as RNB, in improving FRes in a steep 360 
catchment like the study area. However, from a day-to-day quality of life perspective, this solution may not 361 
be a priority option due to RNBs’ minimal positive impact on quality of life (the smallest of the SUDS 362 
types assessed in Table 2). In contrast, Fig. 6b exhibits a high cost - high WQRes - higher iQoL solution. It 363 
can be observed that there is a shift towards PVP and BIR for promotion of WQRes in the catchment that 364 
increases the cost.   365 
 366 
Fig. 6 – The dominated SuDS implementation in each sub-catchment for (a) a low cost - high FRes 367 
solution; (b) a high cost - high WQRes solution  368 
4 Conclusions  369 
Promotion of urban resilience is a multi-disciplinary and multi-objective problem and there is no one-370 
size-fit-all solution. Instead we must accept that there is a trade-off between solutions when decision-371 
making. In this study, urban flooding (FRes) and water quality resilience (WQRes) were investigated when 372 
considering different SuDS types. A resilience-driven multi-objective model was developed to find the 373 
trade-off between different solutions, incorporating cost. An improved Quality of Life (iQoL) index was 374 
then used to analyse identified solutions for their day-to-day social impacts. Therefore, we argue, the scope 375 
of this study as well as the outcomes could be extrapolated to those areas. This study is also representative 376 
of many other areas with similar limited drainage systems, where not even conventional drainage systems 377 
are well structured. There is the opportunity to adopt sustainable options in both existing and new drainage 378 
systems.  379 
In general, the study showed a trade-off between cost and resilience values. However, we did not 380 
observe a correlation between flooding and water quality as expected. Instead, water quality resilience 381 
introduced stepped results, showing significant improvements in water quality could be achieved by 382 
marginally reducing the cost and/or flooding resilience. 383 
Interestingly, the most resilient (i.e. higher flooding and/or water quality resilience values) are 384 
expensive but this does not guarantee greater improvements in the quality of life index. Therefore, investing 385 
more does not necessarily guarantee the choice of SuDS types that maximise attention to amenity and 386 
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biodiversity. This emphasizes the significant role of quality of life as an assessment criterion, in policy 387 
making and decision processes regarding the implementation of SuDS. In addition to the trade-off of 388 
resilience and cost, the introduction of the improved quality of life index in the decision process shows the 389 
importance of effective spatial distribution of SuDS across the catchment and the effective combination of 390 
them, emphasising the need for a strategic approach to SuDS implementation where possible. 391 
Multi-objective optimisation approaches give flexibility for decision makers. For example, bio-392 
retention tanks (BIR) and permeable pavements (PVP) play effective roles in improving water quality 393 
resilience but this comes with considerable cost increases. So, where the cheapest SuDS options are 394 
preferable, a reduction in bio-retention tanks and permeable pavements coverage might be considered. In 395 
general, any increase to the coverage of specific SuDS improves water quality resilience and increases costs 396 
but the highest improved quality of life index values are seen when SuDS types with higher quality of life 397 
weight are selected. Consequently, both cost and improved quality of life index are significantly impacted 398 
by the type and spatial distribution of SuDS options implemented. Hence, identifying the appropriate 399 
location of the right SuDS options is as critical as identifying the number of units required. This emphasizes 400 
the effectiveness of the source control SuDS options for promotion of the water quality and flood resilience, 401 
particularly in steep catchments like the case study used.  402 
 403 
Limitations 404 
This project has been a feasibility study which satisfactorily developed a novel resilience-driven 405 
multi-objective optimisation model. The model was tested in a real-life case study leading to satisfactory 406 
results showing the potential of this model for future research in promotion of urban resilience using SuDS 407 
and with conflicting objectives. Nevertheless, the case study used was an ungauged catchment and 408 
significantly lacked gauges and monitoring data to fully calibrate the model. Additionally, there are a few 409 
studies on SuDS construction and their costs in Brazil, but the methods utilized are not standardized and 410 
the data used are outdated. The team has made significant effort to collect as many real data as possible to 411 
develop the case study model.  412 
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